Methamphetamine dependence is a common comorbid condition among people living with HIV, and may exacerbate HIV-associated neurocognitive disorders. Animal models of neuroAIDS suggest that the gp120 protein may also cause cognitive impairment. The present work evaluated the separate and combined effects of HIV/gp120 and methamphetamine on learning and executive functions in both humans and transgenic mice. Human participants were grouped by HIV serostatus (HIV+ or HIV − ) and lifetime methamphetamine dependence (METH+ or METH − ). A neurocognitive test battery included domain-specific assessments of learning and executive functions. Mice (gp120+ and gp120 − ) were exposed to either a methamphetamine binge (METH+) or saline (METH − ), then tested in the attentional-set-shifting task to assess learning and executive functions. In humans, HIV status was associated with significant impairments in learning, but less so for executive functions. The frequency of learning impairments varied between groups, with the greatest impairment observed in the HIV+/METH+ group. In mice, gp120 expression was associated with impairments in learning but not reversal learning (executive component). The greatest proportion of mice that failed to complete the task was observed in the gp120 +/METH+ group, suggesting greater learning impairments. Our cross-species study demonstrated that HIV in humans and gp120 in mice impaired learning, and that a history of methamphetamine exposure increased the susceptibility to HIV-associated neurocognitive deficits in both species. Finally, the similar pattern of results in both species suggest that the gp120 protein may contribute to HIV-associated learning deficits in humans.
INTRODUCTION
In the era of combination antiretroviral therapy, over 35% of people with HIV (HIV+) exhibit neurocognitive impairments, with up to 10% showing moderate to severe impairment (consistent with HIV-associated dementia; Heaton et al, 2011) . HIV-associated cognitive deficits include impairments in learning, executive functions, working memory, recall (episodic memory), processing speed, and motor skills (Heaton et al, 1995; Lindl et al, 2010) . Both HIV disease progression and HIV-associated cognitive deficits may be exacerbated by comorbid drug use (Carrico, 2011) . Methamphetamine dependence, in particular, is a common comorbidity of HIV infection (Marquez et al, 2009 ) and has been linked to increased neurocognitive impairments in HIV+ individuals (Rippeth et al, 2004; Gupta et al, 2011) . Considering that HIV disease is associated with pronounced impairments in learning and a wide variety of executive functions Weber et al, 2013) , we hypothesized that deficits in these two cognitive domains may be exacerbated in HIV+ methamphetamine users because of common mechanisms of neuropathology.
The combination of HIV and methamphetamine may lead to greater declines in cognitive performance by preferentially targeting the basal ganglia. Specifically, HIV-induced decreases in caudate/basal ganglia volume Kieburtz et al, 1996) and dopamine levels (Kumar et al, 2009 ) have been associated with poorer cognitive performance (Hestad et al, 1993; Kieburtz et al, 1996) . Similarly, methamphetamine exposure causes neurotoxicity in mesolimbic and mesocortical brain regions (Mark et al, 2004) . Individuals who are both methamphetamine dependent and HIV+ show exacerbated neuronal injury (Chang et al, 2005) and cortical interneuron loss (Langford et al, 2003; Chana et al, 2006) , which may also contribute to impaired cognitive performance. The role of specific HIV-associated products that could contribute to the interactive effects of methamphetamine and HIV on learning and executive functions is less understood.
Accumulating evidence indicates that HIV-encoded proteins, such as gp120, contribute to neuronal dysfunction in the basal ganglia (Purohit et al, 2011) . Moreover, the presence of gp120 in the brain may increase the susceptibility to methamphetamine-induced neurotoxicity and exacerbate neuronal dysfunction in HIV+ individuals. For example, treating human neuronal cell cultures with a combination of gp120 protein and methamphetamine at physiologically inert doses when given alone led to significantly increased levels of neuronal cell death (Turchan et al, 2001) . However, determining the specific role of gp120 in methamphetamineand HIV-induced cognitive impairments is extremely difficult, if not impossible, in humans because of the potential contributions of additional HIV-associated proteins such as TAT (Carey et al, 2012) and Nef (Chompre et al, 2013) .
Transgenic mice with brain-specific expression of the gp120 protein are a useful tool for investigating the interactive effects of HIV and methamphetamine on cognitive function. Reactive astrocytosis, an important marker of brain injury (Eddleston and Mucke, 1993) , has been observed in gp120-expressing mice (Toggas et al, 1994) and in postmortem HIV+ human brains (Vitkovic and daCunha, 1995) . Cortical pyramidal neuron damage was found in both HIV+ humans (Achim et al, 2009 ) and gp120-expressing mice (Toggas et al, 1994) . Furthermore, gp120-expressing mice show cognitive deficits, including impairments in contextual object recognition (Kesby et al, 2014b) and age-dependent spatial memory (D'Hooge et al, 1999; Hoefer et al, 2014) . Limited studies have investigated the effects of methamphetamine in gp120-expressing mice. The expression of gp120 increases the sensitivity to methamphetamine-induced conditioned reward (Kesby et al, 2014a) , alters stereotyped behavioral responses to acute methamphetamine (Roberts et al, 2010) , and alters behavioral disinhibition after exposure to methamphetamine binge (Henry et al, 2013) . Impairments in spatial strategy learning are exacerbated in gp120-expressing mice exposed to a methamphetamine binge (Hoefer et al, 2014; Kesby et al, 2014b) . However, the combined effects of gp120 expression and methamphetamine binges on cognitive function have not been investigated using tests with cross-species relevance.
The goals of the present study were to (1) determine whether HIV-associated deficits in learning and executive functions are exacerbated in HIV+ humans with a history of methamphetamine dependence and (2) determine whether similar patterns of cognitive impairments are evident in gp120-expressing mice during long-term abstinence from methamphetamine/saline exposure. Learning and executive functions were assessed using a neurocognitive test battery in humans and the attentional-set-shifting task (ASST) in mice. Direct cross-species comparisons of learning and executive functions were made by utilizing analogous analyses to demonstrate the utility of such methods for future work in translational neuroscience.
MATERIALS AND METHODS

Human Participants
A total of 121 human participants, all adult men, were classified into four groups according to HIV seropositive (HIV+) or seronegative (HIV − ) status, and diagnostic criteria for lifetime methamphetamine dependence (METH+ or METH − ). The groups consisted of 29 HIV+/METH+, 25 HIV − /METH+, 31 HIV+/METH − , and 36 HIV − /METH − subjects. All of the METH+ subjects met the criteria for methamphetamine dependence according to the DSM-IV criteria measured by the Composite International Diagnostic Interview (CIDI) within 18 months of their study assessments. See Table 1 for group demographics, methamphetamine use characteristics, and psychiatric characteristics, Table 2 for HIV status and general medical characteristics, and Supplementary Methods for detailed inclusion criteria.
Neurocognitive Assessments
All of the participants completed a neurocognitive test battery that was constructed in line with the Frascati criteria for HIVassociated neurocognitive disorder (Antinori et al, 2007) and assessed the following seven domains: verbal fluency, executive functions, speed of information processing, learning, delayed recall, working memory, and motor skills (Heaton et al, 2010 Raw neurocognitive test scores were converted to T-scores using demographically adjusted normative standards to account for the effects of age, education, and ethnicity (Norman et al, 2011) . Demographically corrected T-scores were then converted into a global deficit score (GDS) and domain deficit scores (DDS) according to a standardized approach Woods et al, 2008) . As a separate measure of cognitive function relevant to the daily functioning of individuals that may not be reflected by cognitive performance scores, we assessed the rate of mild cognitive impairments. GDS and DDS ⩾ 0.5 were used to define global-and domain-specific neuropsychological impairments, respectively.
Mice
Fifty-one male mice (4-5 months old at the start of the methamphetamine regimen) that expressed the gp120 protein (Toggas et al, 1994) under the regulatory control of a modified murine glial fibrillary acidic protein (25 gp120 − mice and 26 gp120+ mice) and previously tested in a battery of cognitive tasks (Kesby et al, 2014b) , excluding the ASST, were evaluated (see Supplementary Methods) Methamphetamine regimen. Methamphetamine hydrochloride (Sigma, St Louis, MO) was dissolved in saline (0.9%) and administered subcutaneously in a 5 ml/kg injection volume. The mice were administered an escalating dose-multiple binge methamphetamine regimen (METH+) or saline (METH − ; see Supplementary Methods; (Kesby et al, 2014b) ). The mice were tested in the ASST 2 months after completing the methamphetamine regimen, which is equivalent in time to several years for an adult human (Andreollo et al, 2012) . Thus, the focus of the study in both mice and human subjects was the persistent effects of previous methamphetamine exposure rather than the effects of acute methamphetamine or early abstinence.
Attentional-set-shifting task. Learning and executive functions were assessed in mice using the ASST (Young et al, 2010 ) based on the human intradimensional/ extradimensional shift task (Birrell and Brown, 2000 ; see Supplementary Methods). Testing was conducted 2 months after the completion of the methamphetamine regimen and when the mice were 7-8 months of age. Mice were food restricted to 85% free-feeding weight 10 days before and during testing in the ASST. The mice were rewarded with regular food pellets rather than sugar pellets (Young et al, 2010) . Briefly, specific odors and platform textures were used as cues to guide discrimination learning. The stages of the task included the following (in order): simple discrimination, compound discrimination, compound reversal, intradimensional shift, intradimensional reversal, and extradimensional shift (Supplementary Table S1 ). At each stage, the mice were required to make six consecutive correct responses before moving to the next stage. A mouse failed the task if six consecutive correct trials were not achieved after 80 trials in a discrimination stage or 100 trials in a reversal stage. The mice were counterbalanced so that the initial discrimination would be either odor or platform texture. Stimulus combinations and locations were selected in a balanced order. The number of trials to reach criterion was recorded for each stage.
Statistical Analyses
Human studies. Pearson's χ 2 -analyses were used to compare the impairment rates of human subjects (with 95% confidence interval (CI) estimates) in each cognitive domain. Learning and executive function DDS were analyzed using a two-way analysis of variance (ANOVA), with HIV and Methamphetamine as the between-subjects factors. Tscores for each domain-specific test were analyzed using repeated measures (RM)-ANOVAs, with HIV and Methamphetamine as the between-subjects factors and Test as the RM. Where significant effects were detected, psychiatric characteristics were also tested for covariate effects. Demographic and disease-related variables were examined using between-group χ 2 -tests for binary variable or ANOVAs for continuous variables.
Mouse studies. Survival curves (ie, the number of subjects successfully completing each stage) were estimated using the Kaplan-Meier technique and compared using the log-rank (Mantel-Cox) test. Pearson's χ 2 -analyses were used to compare the overall failure rate of mice in the ASST. Learning (consisting of three discrimination learning stages: simple, compound, and intradimensional shift), executive functions (consisting of the two reversal learning stages: compound and intradimensional) and T-scores for each ASST stage were analyzed using RM-ANOVAs, with dimension, genotype, and methamphetamine as the between-subjects factors and stage as the RM.
General statistics. When appropriate, post hoc comparisons of means were performed using Least Significant Difference analyses. All of the results are expressed as mean ± SEM unless otherwise indicated. Differences were considered statistically significant at Po0.05. All of the analyses were performed using SPSS Statistics v.19 software (Chicago, IL).
RESULTS
Human Impairment Rates
Within the domain of learning, a significant difference was found between groups (χ 2 3 = 8.8, Po0.05; Figure 1b) . A step-wise increase in impairment between the groups was observed, with the HIV − /METH − group showing the lowest impairment (28%; CI, 13-42%) followed by the HIV− /METH+ group (35%; CI, 16-53%) and the HIV+/METH − group (44%; CI, 26-61%), with the greatest level of impairment in the HIV+/METH+ group (66%; CI, 48-83%). Post hoc tests confirmed that the HIV+/METH+ group was more likely to be impaired than either the HIV− / METH − (Po0.01) or the HIV− /METH+ (Po0.05) group. Similar stepped profiles of impairment were observed for GDS ( Figure 1a ) and executive function's DDS (Figure 1c ), but the differences in impairment rates between groups were not statistically significant.
Mouse Failure Rates
The percentage of subjects that failed to successfully reach criterion during any stage of the task is a commonly used metric of cognitive impairment (Leeson et al, 2009 ). Thus, Figure 1 Levels of cognitive impairment in humans (n = 25-36 per group). Effects of HIV and methamphetamine (METH) dependence on the percentage of human subjects considered impaired as reflected by their learning deficit scores (a), global deficit scores (GDS) (b) and executive functions deficit scores (c). A significantly greater proportion of the dual HIV+/METH+ subjects were classified as impaired on learning tasks compared with both HIV-groups. Although a similar pattern was evident in both GDS and executive functions deficit scores, no significant group differences were observed. Each data point represents the percentage of the group total with 95% confidence intervals (χ 2 -analyses, *Po0.05, **Po0.01).
HIV/gp120 and methamphetamine in humans and mice JP Kesby et al we analyzed the percentage of mice that failed to complete the ASST (ie, were unable to make six consecutive correct choices within the trial limit during any stage) as a categorical measure, reflecting greater learning impairment compared with mice that completed the task. The number of failures differed depending on dimension, genotype, and methamphetamine exposure (Figure 2 ), precluding analyses of one aspect of executive functions (attentional set shifting). Therefore, in mice that successfully completed the ASST, the analyses focused on the discrimination stages as measures of learning and the reversal stages as measures of executive functions. Platform texture discrimination was more difficult than odor discrimination for all of the mice. Significantly more mice failed to complete all of the test stages when the original dimension was platform texture (22%) compared with odor (54%; χ 2 1 = 6.5, Po0.05). Nearly half (45%) of all of the failures occurred in the initial simple discrimination stage, suggesting that the failure rates can be attributed to learning impairments rather than executive functions impairments. A significant difference was observed between experimental groups in the failure rate across the ASST stages (χ 2 7 = 15.3, Po0.05; Figure 2a) , with the greatest failure rate observed in the gp120+/METH+ (Figure 2b ).
Learning in Humans
HIV+ subjects exhibited significantly worse learning than HIV − subjects, as reflected by a higher average learning DDS (main effect of HIV: F 1,117 = 7.4, Po0.01, d = 0.50; Figure 3a ) and lower average T-scores (main effect of HIV: F 1,112 = 4.3, Po0.05, d = 0.48; Figure 3b ). Methamphetamine dependence and time since last methamphetamine use (see Table 1 ) were not associated with any differences in learning performance in this cohort, regardless of HIV status. Furthermore, this impairment was not associated with any differences in psychiatric characteristics, such as major depressive disorder or mood/anxiety scores (see Table 1 ). For individual test results, see Figure 4a ,b.
Learning in Mice
During the discrimination (learning) stages of the ASST, the gp120+ mice required more trials to reach criterion than gp120 − mice (main effect of Genotype: F 1,25 = 4.7, Po0.05; Figure 3e ) indicating deficits in learning. Similar to our human findings, methamphetamine exposure did not worsen learning performance. Consistent with increased failure rates in platform texture discrimination, a significant main effect of Dimension (F 1,25 = 34.0, Po0.001) and a significant Stage × Dimension interaction (F 2,50 = 4.8, Po0.05) were detected. The initial stages required more trials to discriminate platform texture compared with odor ( Figure 5a ). No significant effects of dimension, methamphetamine, or genotype on the latencies to respond were observed (Figure 5b) .
To account for the differences in difficulty across dimensions and stages, the total trials to reach criterion in each stage were converted to T-scores using overall means and SDs for the relevant dimension (ie, odor or platform texture). The analyses revealed that gp120+ mice had lower average T-scores than gp120 − mice (main effect of Genotype: F 1,29 = 4.5, Po0.05; Figure 3f ). No significant effects of methamphetamine were observed.
Executive Functions in Humans
In contrast to the learning domain, neither HIV nor Methamphetamine was significantly associated with executive functioning, based either by DDS (Figure 3c ) or T-scores (Figure 3d ). However, small effect sizes were associated with HIV for both executive functions DDS (d = 0.22) and executive functions T-scores (d = 0.21) suggesting that impairments may have been detectable in a larger cohort of subjects (see also Figure 1c ). For individual test results, see Figure 4c -f. Figure 2 Levels of learning impairment in mice separated based on gp120 expression, methamphetamine (METH) exposure, and dimension (n = 5-8 per group). (a) Survival curves for mice across each stage of the attentional-set-shifting task. A greater rate of failure was observed for mice in platform texture discrimination compared with the odor discrimination stages, suggesting that platform texture discrimination was more difficult than odor discrimination. (b) The overall failure rate was greatest in the dual gp120+/METH+ group that was discriminating between platform textures compared with the majority of the other groups, particularly those performing odor discrimination. Each data point represents the percentage of the group total (χ 2 analyses, **Po0.01 compared with the platform texture discriminating gp120+/METH+ group). C, compound; CR, compound reversal; ES, extradimensional shift; IS, intradimensional shift; IR, intradimensional reversal; S, simple.
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Reversal Learning (Executive Functions Component) in Mice
No significant effects of Dimension, Stage, Genotype, or Methamphetamine on either the number of trials to reach criterion (Figure 3g ) or adjusted T-scores (Figure 3h ) during the reversal learning stages were detected.
DISCUSSION
The present cross-species study revealed similar learning and executive functions impairment patterns in human subjects with HIV disease and/or methamphetamine dependence and mice with gp120 protein expression and/or methamphetamine exposure. Specifically, learning deficits were observed in both HIV+ humans and gp120+ mice, whereas executive functions were not significantly affected in either group. Furthermore, no persistent effect of methamphetamine exposure on learning or executive functions was observed in either species. Interestingly, however, the greatest rate of learning impairment was observed in HIV+/METH+ human subjects. Similarly, the greatest failure rate in the ASST was observed in gp120-expressing and methamphetamineexposed mice when tested in a complex platform texturebased discrimination task.
HIV Disease and Methamphetamine Dependence in Humans
The present work demonstrated that HIV disease was associated with prominent deficits in the domain of learning but not in executive functions. These findings are consistent with previous observations of learning impairments associated with HIV disease without concomitant impairments in executive functions (Rippeth et al, 2004) . However, deficits in executive functions have been frequently reported in HIV+ subjects (Heaton et al, 1995 Marquine et al, 2014) . Sample characteristics in the current cohort, including modest global impairment rates in the risk groups (24-35%; Figure 1a ) may preclude the detection of small effect sizes (such as those observed in the present study) and contribute to these discrepancies. The HIV+ groups in previous studies (Heaton et al, 1995 Rippeth et al, 2004) tended to be much larger and had more advanced HIV and greater overall levels of impairments, than the cohort used in the present study. Furthermore, executive functions represent a collection of cognitive abilities that are involved in the maintenance and control of cognitive and behavioral function and considered to be dependent on the prefrontal cortex (Anderson and Tranel, 2002) . For example, HIV-associated impairment in one (Trail Taking Test, Part B; see Figure 4c ) of the four executive functions tests in the present study Figure 3 Learning (a, b, e, and f) and executive functions (c, d, g, and h) in humans (top panels; n = 25-36 per group) and mice (bottom panels; n = 6-10 per group). (Top left) Effects of HIV and methamphetamine dependence on domain deficit scores (DDS) (a) and demographically adjusted T-scores (b) for learning tasks in human subjects. The learning DDS were significantly higher in HIV+ subjects, and T-scores were significantly lower in HIV+ subjects, regardless of methamphetamine dependence. (Top right) Effects of HIV and methamphetamine (METH) dependence on executive functions in human subjects (c and d). No significant effects of HIV or methamphetamine dependence were found on either DDS (c) or adjusted T-scores (d) for executive functions in human subjects. (Bottom left) Effects of gp120 expression and methamphetamine exposure on discrimination learning (e) and adjusted T-scores for discrimination learning (f) in mice. The expression of gp120 in mice led to significantly more trials required to reach criterion in a discrimination learning task, regardless of methamphetamine exposure. Dimension-adjusted T-scores for discrimination learning were significantly lower in gp120+ mice regardless of methamphetamine exposure. (Bottom right) Effects of gp120 expression and methamphetamine exposure on reversal learning in mice (g and h). Similar to the findings in humans, no significant effects of gp120 expression or methamphetamine exposure were found on trials to reach criterion (g) or adjusted T-scores (h) for reversal learning in mice. The data are expressed as mean ± SEM. *Po0.05, **Po0.01
HIV/gp120 and methamphetamine in humans and mice JP Kesby et al suggests that this aspect of executive functioning may be more susceptible to HIV-induced impairments. Overall, however, consistent with other studies (Heaton et al, 1995 , the present results suggest that deficits in executive functions in HIV+ subjects are less ubiquitous than deficits in learning. The low level of global impairment levels in the current cohort further suggest that deficits in learning are present at earlier disease stages than deficits in executive functions and thus, may help identify subjects at risk for further cognitive decline. Detecting the deleterious effects of methamphetamine dependence on cognitive function in uninfected subjects remains challenging (Hart et al, 2012) . As a consequence, the interactive effects of HIV disease and methamphetamine dependence on cognitive function are also difficult to demonstrate. In the present study, methamphetamine dependence had no effect on cognitive performance, regardless of HIV status. The combination of methamphetamine dependence and HIV disease, however, resulted in the greatest rate of impairment in learning among patient groups. Importantly, these data would suggest that the combination of HIV disease and methamphetamine dependence increases the susceptibility to mild cognitive impairments but not the severity of these impairments per se. Performance scores for learning were not significantly affected by methamphetamine dependence (see Figure 3) , even though performance in the Brief Visuospatial Memory Test-Revised (see Figure 4a ) did show a similar pattern to that observed in the impairment rates. Although a similar trend was observed in the impairment rates for executive functions, this pattern of results suggests that the domain of learning may be more sensitive to both HIV and the combination of HIV and methamphetamine than the domain of executive functions. A previous meta-analysis of human studies found that the domain of learning is the most sensitive to methamphetamine-induced cognitive impairments (Scott et al, 2007) . Consistent with these findings, we observed subtle effects in the domain of learning, but not on executive functions. However, executive functions may be significantly affected by the combination of HIV and/or methamphetamine dependence in subgroups of people (Bousman et al, 2010; Gupta et al, 2011) . As a result, the putative interaction between HIV and methamphetamine dependence may be obscured by sampling artifact. Figure 5 Effects of dimension on trials to criterion and latency to respond (odor: n = 20; platform texture: n = 13). (a) More total trials were required to reach criterion when successfully discriminating between platform textures compared with odors in the discrimination stages of the ASST, specifically the simple and compound discrimination stages. (b) Mice showed similar latencies to respond regardless of dimension. The data are expressed as mean ± SEM. **Po0.01, ***Po0.001. ASST, attentional-setshifting task; C, compound; CR, compound reversal; IS, intradimensional shift; IR, intradimensional reversal; S, simple.
gp120 Expression and Methamphetamine Exposure in Mice
Brain-specific expression of the HIV-associated gp120 protein led to impaired discrimination learning in mice in the ASST. Studies that investigated the effects of gp120 expression on cognitive function are sparse. gp120-expressing mice have exhibited impairments in spatial learning/memory in the Morris water maze (D'Hooge et al, 1999) and contextual object recognition in the object-inplace task (Kesby et al, 2014b) . Importantly, in the latter study, assessments of anxiety-like behavior and, novel object and location recognition memory were not impaired by gp120 expression (Kesby et al, 2014b) . Thus, impaired discrimination learning in gp120-expressing mice can be attributed to impaired associative learning and not due to anxiogenic behavior, or an inability to differentiate olfactory (odors) or tactile (platform textures) stimuli. A key finding of the present study was that the rate of gp120-induced learning impairments were exacerbated by prior methamphetamine exposure, but this was demonstrated only under experimental conditions with increased task difficulty (ie, platform texture vs odor discrimination). Similarly, in our previous work, exacerbated cognitive deficits in spatial strategy learning induced by combined exposure to gp120 and methamphetamine were observed during the later but not early stages of task acquisition in the Barnes maze (Kesby et al, 2014b) . Thus, specific testing conditions or tasks with higher cognitive demands may be required to reveal the combined effects of gp120 and methamphetamine on cognitive function.
The mechanisms that may underlie the observed deficits in learning associated with gp120 expression and the increased susceptibility to learning impairments by gp120 expression and methamphetamine exposure are currently unknown. Multiple brain regions and associated circuitry contribute to associative learning performance including, but not limited to, the prefrontal cortex (Leon et al, 2010) , hippocampus (Kim et al, 2011) , and striatum (Steinberg et al, 2013) . However, dopamine neurons have been found to be critically involved in multiple aspects of associative or cue-reward learning (Steinberg et al, 2013) , suggesting that altered dopaminergic function caused by both HIV/gp120 and methamphetamine exposure may impair learning performance. Both gp120 and methamphetamine are known to impact dopamine function, specifically at the dopamine transporter. For example, methamphetamine dependence in humans (Panenka et al, 2013) or exposure to methamphetamine binges in rats (Segal and Kuczenski, 1997) leads to decreases in subcortical dopamine transporter levels and dopamine levels, respectively, that persist after prolonged periods of abstinence. Exposing human mesencephalic neuronal/glial cultures to gp120 results in both decreased dopamine uptake and increased cell death (Hu et al, 2009 ). gp120-induced effects in the latter study were specific to dopaminergic neurons, highlighting their preferential sensitivity to gp120 exposure. Previous observations of increased sensitivity to methamphetamine-conditioned reward in gp120-expressing mice (Kesby et al, 2014a) provide additional evidence that the dopaminergic response to methamphetamine may be altered by gp120 expression. However, other neurotransmitter systems, such as glutamate and γ-aminobutyric acid, have also been associated with gp120-induced neurotoxicity (Fernandes et al, 2007; Hoefer et al, 2014) and may also contribute to impaired cognitive function.
Unlike in previous studies on C57BL/6N mice (Young et al, 2010) , a high failure rate was observed in the ASST, especially for the platform texture dimension. Therefore, the ability to perform an attentional-set-shift was not evaluated, precluding a more direct comparison with the Wisconsin Card Sorting Test in humans. Reversal learning was similar in gp120-expressing and/or methamphetamine-exposed mice suggesting that this aspect of their executive functions was not impaired. In our previous work, subtle effects of gp120 expression and/or methamphetamine exposure, but no interactive effects, were observed in spatial reversal learning in the Barnes maze task (Kesby et al, 2014b) . Because executive functions represent a group of cognitive abilities (Anderson and Tranel, 2002) , the lack of gp120-or methamphetamine-induced deficits in reversal learning in the ASST does not preclude specific deficits in other prefrontal cortex-based cognitive tasks. Further testing of broader aspects of executive functions in these mice is warranted.
Comparative Analyses of Data from Humans and Mice
All rodent models of HIV disease have limitations (Jaeger and Nath, 2012 ) that complicate direct comparisons with HIV disease in human subjects. Our comparative analyses of learning and executive functions in humans and mice, provided evidence that the gp120-expressing mouse, while not reproducing all aspects of the disease, provides a viable translational tool for investigating the persistent mild cognitive deficits associated with HIV disease in the presence of combination antiretroviral therapy , particularly when gp120 levels in serum and tissue remain detectable even in infected subjects with low or undetectable levels of viral replication (Santosuosso et al, 2009) .
A major focus of both clinical and basic research on disease-related cognitive outcomes is the development of translational tests that can be directly compared between species. A growing number of translational tests have been developed in both rodents and humans including the ASST (Leeson et al, 2009; Young et al, 2010) , the Behavioral Pattern Monitor (Young et al, 2007) , the Response Bias Probabilistic Reward Task (Der-Avakian et al, 2013) , and the 5-choice Continuous Performance Test among others. Clinical data sets face confounds such as variations in age and the use of other substances that can be controlled in animal studies. To account for demographic factors, human data are commonly converted into demographically corrected T-scores . To address the discrepancies in behavioral measures in humans and animals, behavioral measures can be similarly combined into domain-specific scores. Applying this methodology to the ASST data in mice allowed us to normalize the difference in difficulty between odor and platform texture discrimination. Considering that different tests of learning were used to generate T-scores in each species, after this correction, the effects of gp120 expression on learning T-scores were remarkably similar to those found in HIV+ humans. Thus, this methodology has the potential to be used with behavioral test batteries in animal models to produce domain-specific outcomes, allowing for analyses that are identical to human data sets. Regardless of the translational value of a specific task, this approach may provide a more sensitive method for the validation of animal models of disease.
CONCLUSION
In summary, this is the first cross-species study that has investigated the combined effects of HIV/gp120 and methamphetamine on cognition. Similar findings in HIV+ humans and gp120-expressing mice suggest that gp120 protein expression may contribute to the observed learning deficits in HIV+ humans. Furthermore, combined methamphetamine exposure-and gp120-induced neurotoxicity may increase vulnerability to mild cognitive impairment. The use of cross-species analyses of behavioral data sets between humans and relevant animal models, such as gp120-expressing mice, may help to detect cognitive domains that are particularly sensitive to injury induced by HIV, methamphetamine, or their combination. Moreover, the potential neurobiological mechanisms that underlie these deficits may be identified in future work, thus assisting in the development of adjunct therapeutics to treat mild cognitive impairments (especially those that involve learning) in methamphetamine-dependent and HIV+ humans.
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